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Wavelength-division multiplexing ͑WDM͒ is an important technique for increasing information capacity of a fiber by transmitting signals at different wavelengths. This demands separate laser sources emitting at different desired wavelengths and multiplexing devices to couple all the signals at different wavelengths into a single fiber. Then, these different wavelength channels are separated at the other end of the fiber. 1 Currently, 40 wavelength channels have been employed in real systems and channels up to 100 are in the testing stage. In order to provide ultrahigh transmission capacity with close channel space, less cross talk, and low biterror rate, relative wavelengths at multiplexed channels require to be stabilized. 1 Finding an easy and effective way to simultaneously lock relative wavelengths of a large number of lasers is important in the WDM application. Lasers with multiple stabilized wavelengths also have applications on laser interferometry and optical metrology. 2 In this letter we propose a technique to simultaneously stabilize multiple diode laser wavelengths by using multiplexed photorefractive gratings formed in a single crystal.
Photorefractive effects in crystals have attracted considerable interest owing to the high information-storage capacity and the possibility of programmable parallel interconnection. 3 Among various recording techniques angular 4 and wavelength multiplexings 5 are two most prominent approaches to form multiple gratings in a single crystal. Ten thousand high-resolution holograms have been successfully recorded by using the angular multiplexing techniques in a 1 cm 3 bulk crystal. In order to prevent the erasure of photorefractive holograms during readout process, techniques have been developed for fixing holograms.
6-8 Thermal 6 and electrical 7 fixing techniques are commonly used methods now to fix the photorefractive gratings. Alternatively, holograms can be sustained by periodic refreshing or nonvolatile holographic memory. 8 The wavelength of a diode laser drifts due to fluctuations in temperature or driving current. When many diode lasers are used at different wavelengths, the relative wavelengths between different diode lasers are constantly changing due to random wavelength driftings. The spectral response of a volume grating is a sinc function and the relative peak diffraction wavelengths from the fixed gratings in a crystal are immune to the fluctuations of ambient temperature, which are well-defined locking positions for different diode lasers. The wavelength of each diode laser is locked at the peak wavelength of each fixed grating through current feedback, such that the relative wavelengths of the diode lasers are determined by the relative positions of the peak diffraction wavelengths of the fixed gratings. Figure 1 shows the principle of recording a number of gratings by angular multiplexing. In certain materials such as LiNbO 3 , the gratings can be recorded using 488 nm illumination from an Ar-ion laser, where the photorefractive response is strong. The writing beams are incident on the a-face of the crystal and the angular is adjusted so that each hologram is Bragg matched for counter-propagating reflection of a specific infrared wavelength incident on the c-face of the crystal. 9 The infrared wavelengths from diode lasers are chosen in the optical fiber communication band, for example near 1.55 m. LiNbO 3 exhibits poor photorefractive response in such spectral regimes and the gratings can be rendered unaffected by the illumination. APPLIED PHYSICS LETTERS VOLUME 77, NUMBER 15 9 OCTOBER 2000 optical erasure, the holograms can be fixed thermally, wherein the light-sensitive electronic hologram is replaced by a permanent ionic grating with the same spatial distribution as the original pattern. In infrared applications, the lifetime of fixed gratings can reach ϳ100 yr in LiNbO 3 crystals. 10 The section of the writing beams is normal to the a-face so that the wave vector K i of the grating is parallel to the c-axis. The grating period of the ith channel is ⌳ i ϭ w /2 sin i , where w is the writing wavelength in a vacuum, and i is the half angle between the writing beams. Reading beam parallel to the grating wave vector through the c-face of the crystal is Bragg matched for reflection at a vacuum wavelength given by i ϭ2n i ⌳ i where n i is the refractive index at the wavelength of the ith diode laser. The center wavelength for counter-propagation reflection can be from 1.1 m up to the infrared ͑IR͒ absorption edge of LiNbO 3 at 4.5 m.
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The diffraction efficiency of the ith channel i is proportional to
L is the thickness of the grating, i is the reflection wavelength of ith channel, n i is the uniform refractive index at i , and ⌬n i is the amplitude of the refractive index change of the ith channel. The spectral bandwidth of the multiplexed holographic channel is given by 8, 12 
If we assume that i ϭ1.55 m, n i ϭ2.2, and the grating length Lϭ10 mm, we can show that the spectral bandwidth of the ith channel would be ⌬ i ϭ0.05 nm. One may regard the reflection from the ith channel as signal and the diffraction intrusion ͑crossreadout͒ from adjacent channels as noise. The cross-readout noise from the adjacent channels may be considered as bit error, then the biterror rate ͑BER͒ can be written as
where we assume a total number of n multiplexed channels, ⌬ is the separation between adjacent channels. Figure 2 shows the BER as a function of the number of multiplexed channels with different channel separations. From Fig. 2 we see that the BER increases as the number of channels increases and BER decreases dramatically as the channel separation becomes large. The BER is caused by the diffraction tails from all other channels. These diffraction tails can be eliminated or minimized by techniques such as apodized gratings or narrow band filters. 13, 14 After first few channels, the BER is not very sensitive to the increase of channel number, therefore, this technique will be suitable for large channel number applications.
As an illustration to this proposed technique, results from stabilizing wavelengths of two diode lasers are presented here. The experimental setup has been given in Ref. 15 and we only discuss the relevant results here. Two gratings are recorded in a LiNbO 3 crystal ͑with dimensions of 5ϫ5ϫ10 mm 3 ͒ with the c-axis oriented along the 10 mm edge. The writing beams are from an Ar-ion laser with wavelength of 488 nm. The peak wavelengths for counterpropagation reflections are designed to be at 1537 nm and 1566 nm. According to Eq. ͑1͒, the half-writing angles are 43.5°and 44.6°, respectively, for 1537 nm and 1566 nm. We use two diode lasers ͑LD1 and LD2͒ to measure the spectral response of the two gratings. Figure 3 shows the diffraction efficiencies of the two-diode lasers from the two gratings as a function of wavelength. The wavelengths from the twodiode lasers are adjusted by scanning the operating current. The wavelengths of peak diffraction efficiencies are at 1537.10 nm and 1566.50 nm, respectively, for the two gratings. Using homemade feedback circuits, the wavelengths of the two-diode lasers are stabilized at the peak diffraction wavelengths. The wavelength is measured by an Anritsu MF 9630 wavemeter. Figure 4 shows the stability of the twodiode wavelengths against time. The squares ͑circles͒ represent the wavelength of LD1 ͑LD2͒. Within 300 min, the wavelength stability is better than 1.3 pm and 2.4 pm for LD1 and LD2, respectively. In a separate experiment, we note that the stabilized wavelengths are better than 5 pm within 48 h.
The stability of wavelengths of the two-diode lasers is examined against the ambient temperature. Without feedback, the wavelength of LD1 is changed from 1536.90 nm to 1537.20 nm when the temperature changes from 27°C to 30°C. With feedback, however, the wavelength of LD1 is locked at around 1537.097 nm within a range of 0.03 nm while other conditions are similar to open operation. For LD2, the wavelength drifts about 0.5 nm when the temperature changes from 35°C to 40°C without feedback. The wavelength is locked at around 1566.520 nm within a range of 0.03 nm with feedback. In the short-term measurements, the wavelength fluctuations of both diode lasers are within 0.7 pm.
The relative stability of wavelengths of multiplexed channels is determined by the relative stability of the peak diffraction wavelengths of the multiplexed gratings. The thermal drift of the stabilized wavelengths ͑ϳ0.6 pm͒ 15 is much smaller than the bandwidths of the multiplexed channels ͑ϳ50 pm͒ if the temperature of the crystal is controlled within 0.1°C. A large number of gratings can be stored in a photorefractive crystal. The bit-error rate is insensitive to the numbers of the multiplexed channels after the first few channels. Although, the diffraction efficiency of multiplexed grating decreases as the number of multiplexed channel increases, the present locking technique depends only on the spectral response of the multiplexed gratings. The feedback locking of the diode lasers does not need high counterpropagating reflection from the gratings. Therefore, the proposed technique can be easily extended to lock relative wavelengths of many diode lasers, which has advantages over the previously demonstrated locking of two diode lasers. 15, 16 In conclusion, we have proposed a technique to simultaneously stabilize multiple diode laser wavelengths by using multiplexed photorefractive gratings. The bit-error rate and the thermal stability of the multiplexed channels have been analyzed. Using the nonvolatile memory technique the desired multiplexed gratings can be fabricated in a photorefractive crystal by angular multiplexing. Using experimental results for stabilizing two-diode laser wavelengths with two photorefractive gratings in a LiNbO 3 crystal, we showed the feasibility of this proposed technique for stabilizing many diode laser wavelengths by multiplexed photorefractive gratings. The locked wavelengths show very good long-term wavelength stability and are immune to the ambient temperature fluctuation. Since only one photorefractive crystal is needed to lock relative wavelengths of many channels, this proposed technique could provide a very efficient and practical way for increasing the capacity in broadband optical communications. 
